Abstract-First-and second-order Bragg reflectors at telecommunication wavelength (1.5 m) were fabricated in single-mode monolayer (As 2 S 3 ) and multilayer (As-S-Se/As-S) chalcogenide glass (ChG) planar waveguides with near bandgap illumination using an interferometric technique. Reflectivities as high as 90% near 1555 nm, and index modulations up to 3 2 10 04 were achieved. The volume photodarkening effect is the principal mechanism involved in the formation of the Bragg gratings.
I. INTRODUCTION

I
N recent years, photosensitivity of silica on silicon waveguides fabricated by flame hydrolysis has raised much interest [1] - [8] . These silica glasses, typically doped with several mole % of GeO 2 , are photosensitive when exposed to ultraviolet (UV) light around 240 nm corresponding to the absorption band of a reduced germania defect. The glasses can be further sensitized by hydrogen loading, annealing in reduced atmosphere, or flame brushing [1] , [3] . The waveguides thus treated can exhibit photo-induced index change in excess of 10 3 . Boron codoping or exposure at 193 nm radiation has also been shown to yield comparable refractive index modifications [4] , [5] . Photoinduced devices for telecommunication applications, like filters and couplers, can therefore be fabricated in planar silica waveguides. Components such as Bragg reflectors have been written in channel waveguides and integrated Mach-Zehnder interferometers, while direct patterning of optical waveguides and couplers has also been demonstrated [1] - [4] , [6] - [9] . Photosensitivity of glass waveguides has also been studied in a variety of other materials including amorphous GeO 2 , Er 3+ , and P 2 O 5 codoped silica, TiO 2 -doped silica, ion-exchanged borosilicate, sol-gel silica [6] , [9] , [10] - [13] , and most recently, bulk photothermal refractive (PTR) glasses [14] , [15] . Unlike the previous materials, the photosensitivity of PTR glass arises from UV ionization of dopants and subsequent thermal development of a crystalline phase within the glass matrix, and does not rely on the presence or formation of defect centers.
The demonstration of Bragg reflectors at visible and near infrared wavelengths (0.63-1.15 m) in As 2 S 3 planar waveguides was first reported by Andriesh et al. [16] in which an investigation of functional integrated-optics elements formed from thin film optical waveguides with volume phase holographic gratings was performed. Recently, Asobe et al. reported reflectivity over 90% near 1540 nm in a 10-mm long As-S-based fiber grating written at 633 nm [17] . Moreover, the fabrication of photoinduced fiber Bragg grating in As 2 S 3 using 633 nm light has also been reported by Tanaka et al., in which reflectivities up to 80% at 633 nm have been achieved [18] . Meneghini et al. have recently demonstrated the fabrication of holographic gratings and self-written channel waveguides in As 2 S 3 chalcogenide glass thin films by two photon absorption (2PA) around 800 nm [19] .
Chalcogenide glasses are very promising materials for use in guided wave devices and infrared telecommunication systems [20] , [21] . High optical transparency in the near and far infrared region as well as large optical nonlinearity are two important and attractive properties of these materials used in linear and nonlinear integrated optical elements [21] - [23] . Furthermore, it has been shown that ChG are photosensitive when exposed to near bandgap illumination. As 2 S 3 ( eV, cm 1 @ nm), has been revealed to be more photosensitive than As 24 S 38 Se 38 ( eV, cm 1 @ nm) when exposed at 514.5 nm, but the latter has a much higher nonlinear refractive index ( cm 2 /W) [20] , [24] . Exposed thin films of ChG exhibit photostructural changes both in the volume due to photodarkening [25] and in the surface related to the glass photoexpansion [26] - [28] . Such structural modifications can be both reversible or irreversible depending on irradiation wavelength and intensity [29] . Photodarkening corresponds to a photoinduced reduction of energy bandgap of the glass (shift in absorption edge toward the longer wavelengths). This phenomenon leads to a refractive index change at wavelengths far from the photosensitive band of the material according to the Kramers-Kronig relations. Additionally, the light illumination induces a surface deformation which can also change the optical properties of the material. This phenomenon (photoexpansion) is a nonlocal process, whereby the unexposed portions of 0.5 m scales of the glass also 0733-8724/99$10.00 © 1999 IEEE undergo a volume change in response to the strain fields created by the expansion in the exposed regions. In contrast, the photodarkening is a local phenomenon in the volume of ChG which can lead to writing of efficient short period Bragg gratings. These effects contribute to an increase of the refractive index of ChG, allowing the patterning of different photoinduced guided wave structures in ChG thin films.
In this paper, we present for the first time to our knowledge, the fabrication of efficient Bragg gratings at 1.5 m in singlemode monolayer As 2 S 3 ChG planar waveguides. We also demonstrate preliminary results of the fabrication of Bragg reflectors at 1.5 m in single-mode multilayer As-S-Se/As-S-based ChG planar waveguides. The multilayer waveguide geometry is used because of lower losses and higher coupling efficiency compared to a single-layer structure. Gratings are written at room temperature by a holographic technique using the volume photodarkening effect. Generally speaking, holographic recording in these materials is based on photoinduced structural changes (PSC)-A unique phenomenon found in noncrystalline chalcogenide materials. However, holographic recording at low intensities ( 0.1 W/cm 2 ) in nonannealed As 2 S 3 films is also influenced by other processes, such as relaxational structural changes (RSC), which are inherent in all noncrystalline materials due to their thermodynamic instabilities [30] . The RSC is caused by the spatially periodic photostructural changes within the glass structure which form the holographic grating, and lead to a periodically modulated mechanical stress [31] .
These Bragg gratings, written in single-layer and multilayer planar waveguides, can be potentially offered as wavelength selective components in WDM optical circuits, and nonlinear Bragg gratings (Bragg solitons) for nonlinear all optical switching. The combination of such Bragg gratings with recently developed multilayer vertical double core structure [20] , as well as the technology to build photolithographic multilayer channel waveguides from As-S-Se chalcogenide glass, offers many possibilities to realize practical devices for integrated photonics applications.
II. EXPERIMENT
The As 2 S 3 thin films were prepared by thermal evaporation in vacuum ( Torr) onto unheated wafers, and subsequently annealed at 140 C for two hours. A 2-m thick SiO 2 ( @ 1.5 m) layer on the Si wafer provided a suitable cladding between the high refractive index of the substrate and the ChG film. In this way, single-mode 0.47 m thick monolayer planar waveguides were fabricated, which supported only the fundamental transverse electric (TE) 0 mode at 1550 nm. Multilayer single-mode (at 1550 nm) planar waveguides of As-S-Se/As-S were also prepared by thermal deposition of successive As 2 S 3 (as 1.5 m thick cladding layer, ) and As 24 S 38 Se 38 (as 1.0 m thick core layer, ) on an oxidized Si wafer substrate. The multilayer samples were then annealed at 125 C for about two hours. The wafers were finally cleaved to obtain good quality endfacets for efficient endfire coupling. The photodarkening effect in As 2 S 3 was qualitatively studied in the following manner so as to obtain the optimum conditions to write the stable Bragg gratings. The regions on the ChG thin film, 18 mm 2 area in size, were separately illuminated using a single beam at 514 nm. Each illuminated region corresponds to a certain intensity and exposure. Initially, the exposed regions were probed (with visible light) in transmission mode by an optical microscope to distinguish the photodarkened and nonphotodarkened regions. The samples were then annealed at 155 C for two hours, and were subsequently probed as depicted above, so as to distinguish between the erasible and permanent photodarkened regions. Consequently, based on the local nature of photodarkening, a map of exposure conditions, namely intensity versus fluence, was obtained in which regions of no observable photodarkening, erasible photodarkening (after heating the thin film at 155 C for two hours), and permanent photodarkening have been distinguished. This data for a single-layer As 2 S 3 thin film is illustrated in Fig. 1 .
The possibility of holographic fabrication of efficient Bragg filters in As 2 S 3 planar waveguide has been separately examined. The dynamic study of the holographic diffraction behavior in a non guiding geometry [27] revealed a certain exposure value at which the maximum efficiency is attained. The map of exposure conditions along with diffraction efficiency measurements indicate that stable and nonsaturated efficient Bragg gratings with sinusoidal index modulation can be written if the intensity and exposition time are correctly chosen. Thus, the exposures and intensities were chosen to be within 150-250 mJ/mm 2 , and 1.0-2.0 mW/mm 2 , respectively. A holographic technique was used to write Bragg gratings in a 0.47 m thick single-mode monolayer, as well as in a single-mode multilayer planar waveguide of ChG [27] . The schematic layout of a single-mode multilayer planar waveguide is shown in Fig. 2 . Holographic gratings were recorded by the interference of two Argon ion laser beams at 514.5 nm, having equal intensities and parallel vertical polarization, over an exposition area of 18 mm 2 . PseudoGaussian amplitude profiles were formed within the thin film plane due to the intensity profile of the laser beams. Thus the grating strength and spectral response depend on the lateral position within the waveguide.
Initially, gratings were fabricated in a single-layer As 2 S 3 transparent thin film with large periodicities ( 38 m) to test the efficiency of the technique. Readout of the gratings by a He-Ne laser beam (632.8 nm) in the Raman-Nath regime, revealed first-order diffraction efficiency of up to 17%. We believe that this relatively large diffraction efficiency is mainly due to the relief modulation contribution in long period recording. We also measured the first diffracted order at 1550 nm. In order to evaluate the potential of As 24 S 38 Se 38 in a multilayer waveguide geometry for realization of Bragg reflector at 1.5 m, long period diffraction gratings ( 40 m) were also written as described above, on a transparent thin film consisted of a As 24 S 38 Se 38 layer deposited between two As 2 S 3 layers. We were encouraged to continue by observing a weak first-order diffraction efficiency at 632.8 nm. On the basis of these promising observations, Bragg gratings were fabricated in the single-layer [32] and multilayer ChG planar waveguides to act as a spectral reflector around 1.5 m.
According to the coupled mode theory, efficient coupling between the same forward and backward modes in a periodic single-mode guided wave structure occurs when the following phase matching condition is satisfied [33] - [35] : (1) in which is the Bragg wavelength, is the effective mode index, is the pitch of the grating, and is the diffraction order. We have fabricated firstand secondorder Bragg reflectors (fundamental reflection near to 3000 nm) around 1550 nm, with pitches equal to 353 and 707 nm, respectively, on the single-mode monolayer planar waveguides. The writing angle between the two interferometer arms were calculated and adjusted to 93 27 and 42 43 in air, for two gratings corresponding to the pitches of 353 and 707 nm, respectively. The calculated modal effective index was at 1550 nm. The periods of first-and secondorder Bragg reflectors at 1.5 m for multilayer structure were also found to be 317 and 635 nm, respectively.
Atomic force microscopy (AFM) was used to study the mechanisms involved in the Bragg grating formation. Si- nusoidal surface relief modulations with the amplitudes of almost 0.92 and 1.98 nm were measured for a typical firstand second-order Bragg grating in the multilayer structure, respectively. This is in contrast with the previous similar investigation for bulk chalcogenide glasses [26] in which no surface relief modulation was measured for the periods less than 0.7 m. Thus, both volume photodarkening and surface photoexpansion effects contribute to the formation of photoinduced short ( 0.3 m) and long period grating structures in ChG thin films. However, photodarkening can be considered the principal mechanism involved in the formation of our photoinduced Bragg reflectors.
The testing setup (Fig. 3) , to measure the spectral responses of Bragg gratings, consisted of a narrow linewidth tunable diode laser with a linearly polarized output power between 1500 and 1590 nm and steps varying from 0.01 to 0.40 nm, and a power meter to measure the output power at room temperature. The use of two cylindrical lenses to collimate the beam incident on the planar waveguide, provides a means of probing in the collimated beam propagation regime. This is important, since the reflectivity of a grating depends on the incident angle. In other words, the less angular variations of the probe wave leads to the larger transmission dips with the smaller bandwidths. A fiber polarization controller and a polarizer were placed before the waveguide to selectively probe TE and transverse magnetic (TM) modes. In the case of the single-layer structure, it was observed that TM modes suffered from high propagation losses and could not be detected at the waveguide output. Therefore, the measured spectra are purely single-mode even though unpolarized light emerging from a single-mode fiber was subsequently used to probe the gratings.
III. RESULTS AND DISCUSSION
In the single-layer structure, second-order transmission dips corresponding to reflectivities as high as 90% (10.0 dB) near 1555 nm with a bandwidth of 2.5 nm, for a Bragg grating with the pitch of 707 nm were achieved. Fundamental Bragg lines with reflectivities near to 70% around 1551 nm and bandwidth of 2.0 nm, were also observed for a grating corresponding to the pitch of 353 nm. Fig. 4(a) shows fundamental transmission dip for grating with the shorter pitch, while Fig. 4(b) shows the second-order reflection line for the longer period Bragg grating. As it can be seen, the secondorder reflection is larger than the fundamental one; the reason might be that vibrations in the fabrication setup degrades the intensity contrast of the shorter period grating. Because of the longer periods involved, the second grating with the pitch of 707 nm is less sensitive to these instabilities. The probe of the second-order line (corresponding to fundamental Bragg reflection around 3.0 m) at 1555 nm shows that the grating with 707 nm long period should be saturated.
Reproducible transmission dips of more than 3.0 dB (50% reflection) and a width of almost 2.5 nm around 1505 nm were measured for a 4.0-mm long second-order Bragg grating in the As-S-Se/As-S based ChG multilayer planar waveguide (Fig. 5) . Chirped Bragg lines with up to 60% reflection and a width of 5.0 nm near 1510 nm were also detected for a 3.0-mm long first-order Bragg grating. We are now in the process of improving the spectral responses and obtaining a narrower wavelength selectivity band with higher reflectivity.
The reflection spectrum of a nonuniform periodic guided structure under phase matching conditions is expressed as (2) in which is the grating length and is called the coupling coefficient given by where is the overlap integral of the index distribution on the field profile ( ), while is the average refractive index modulation. Assuming a nonsaturated grating, a gaussian profile is approximated for the average index modulation over the grating length in which mm is the width of the writing beam intensity profile. The overlap integral was also calculated to be about 0.75 for the single-layer waveguide. These values lead to a maximum average index modulation near to 3 10 4 for our 3.0 mm long Bragg grating with 70% fundamental reflection at 1551 nm. This index modulation is roughly one order of magnitude greater than the previously observed Bragg grating in a single-mode ChG fiber for almost the same wavelength [17] . In the case of a saturated grating, the index modulation no longer has sinusoidal variations, whereby the second and even higher order Bragg lines may appear. The saturation intensity of ChG needs to be measured, in order to evaluate the saturated average index modulation.
We believe that the rather large bandwidths (e.g., 2.0 nm instead of the theoretical value of 0.2 nm) may be due to some undesirable chirping caused by the nonuniform thickness of the waveguiding layer, vibrations of the holographic set-up, angular distribution of the probe wave during propagation inside the planar waveguide, or an inherent chirp caused by nonuniformity of the average effective index due to nonuniform illumination along the grating. Controlling the uniformity of the film thickness is necessary to avoid a chirped grating. Writing these gratings on single-layer and multilayer photolithographic channel waveguides may also improve the spectral response by reducing variation of the wave vector component of the probing beam, resulting from diffraction. The oscillations at shorter and longer wavelengths around the transmission dips are mainly due to interference effects in the measuring system.
The stability of Bragg gratings under continued readout was studied. At room temperature, it is expected [27] that the spectral responses will show a transient decreasing behavior of the transmission dips during several hours after recording, and then reach a nearly steady state regime. Even though the gratings were not constantly being kept in the dark, we measured stable spectral responses for a typical Bragg grating in a single-layer waveguide, indicating the nondegradable behavior of the index modulation. In addition, no significant spectral shift was observed for the resonant wavelengths, showing a nonrelaxational behavior for the average effective index. In other words, the observed small variations of Bragg wavelength of less than 0.1 nm in Fig. 6 , corresponds to an effective index variations smaller than 1. 4 10 4 . The temperature sensitivity of the spectral responses is currently being investigated. To date, the interesting significant results have been obtained for Bragg gratings in singlelayer guiding structures which will be reported after further investigations. Complete lifetime investigations, including thermal studies are needed to assess long term performance of these gratings. Moreover, due to higher coupling efficiency and lower propagation losses of a multilayer structure, the study of polarization dependence of the spectral responses is consequently provided. These investigations together with thermal studies and long term permanency of Bragg reflectors in multilayer thin film ChG waveguides are under way and will be reported later.
IV. CONCLUSION
We have observed for the first time to our knowledge, Bragg gratings at 1550 nm recorded with near bandgap illumination in single-mode monolayer planar waveguides of As 2 S 3 chalcogenide glass. Furthermore, to the best of our knowledge, we have also reported the preliminary results regarding the first demonstration of Bragg reflectors in As-S-Se/As-Sbased multilayer planar waveguide of amorphous chalcogenide glasses. By correctly choosing the writing parameters, stable and efficient Bragg gratings based on the photodarkening effect can be written. Second-order reflection as high as 90% around 1555 nm, for a 4.0 mm long saturated Bragg grating, as well as fundamental reflection near to 70% around 1551 nm, for a 3.0-mm long grating, have been achieved in the single-layer structure.
The stability and high efficiency of these gratings make them potentially useful as wavelength selective elements and add-drop filters for WDM networks. Moreover, the realization of Bragg gratings in ChG multilayer guiding structure make them useful as nonlinear Bragg gratings (Bragg solitons) for nonlinear all optical grating assisted switching devices. In addition, as an important advantage over silica based materials, the chalcogenide glasses can be used for ultrafast integrated all-optical switching because of their high nonlinear index of refraction (almost two orders of magnitude higher than silica glasses), and for optical amplifiers at 1.3 m due to their low phonon energy.
It is worth emphasizing that the present paper represents preliminary results. These findings are very encouraging, and support the potential of such technology for producing various all optical grating assisted integrated devices in amorphous chalcogenide-based glass waveguides. Efforts are under way to obtain Bragg gratings with narrower bandwidth and higher reflectivity. These gratings will also be included in monolayer and multilayer photolithographic channel waveguides and double core vertical coupler structures. To date, lowloss single-mode monolayer ChG channel waveguides have been successfully fabricated and tested. Furthermore, the dependence of the grating response (reflectivity and spectral response), which is related to the index modulation, will be studied as a function of the writing exposure at 514.5 nm. The study of the spectral response as a function of polarization and temperature are in progress.
